Introduction
The ability of articular cartilage to support load relies primarily on its cross-linked collagen network containing a high concentration of fixed-charge bearing proteoglycan ͑PG͒ that in turn imbibes water containing mobile ions. When cartilage is loaded quickly, tissue volume is conserved, so that some regions are placed in tension while others are compressed. The collagen network provides a high resistance to tensile deformation ͓1͔ while internal fluid flow through the fine pores of the PG phase develops fluid pressures that are isotropic and therefore resist compression ͓2,3͔. The presence of fixed charge on the PG phase creates electromechanical coupling so that electrical potentials ͑streaming potentials͒ and electrical currents are produced along with these mechanical events ͓4,5͔. Streaming potentials, in particular, have been shown to be sensitive indicators of tissue health versus loss of function or degradation ͓6,7͔. For these reasons, characterization of electrical properties of cartilage, including electrical conductivity ͓8-11͔, are of fundamental importance in understanding and interpreting mechanical and electromechanical behavior.
The first study to examine the electrical conductivity of the cartilage was by Maroudas ͓8͔ using a two-electrode method on human cartilage. In the two-electrode method, the same electrodes are used to impose current and to measure potential. In this case, the potential difference measured between the two electrodes includes the voltage caused by electrode polarization at the electrode-tissue interface, due to the injected current, in addition to the voltage drop across the sample of interest. This polarization impedance depends on current density, frequency, electrode material and contact area ͓12,13͔, thereby rendering interpretation of apparent impedance somewhat difficult. For chemically and mechanically stable metal electrodes such as platinum electrodes, the polarization impedance is greater than for silver-silver chloride electrodes, thus exacerbating electrode polarization when only two electrodes are used. In our study, we have employed four platinum electrodes to measure the electrical conductivity, thus making it a tetrapolar method. With this tetrapolar method, the two outer electrodes serve to inject current while the potential difference is measured with the inner two electrodes. Thus, the effect of polarization impedance becomes negligible when very high input impedance amplifiers are used to measure the potential difference on the inner electrodes. The tissue conductivity can be found by calculating the ratio of the injected current and the measured potential difference and multiplying by a coefficient, which is determined by the geometry and characteristics of the tissue, as well as the electrode configuration. This tetrapolar method has been used widely in geophysics to characterize soils ͓14 -16͔, in microelectronics to characterize thin films ͓17-19͔, and also to measure tissue impedance ͓20͔, primarily myocardial tissue ͓21-23͔.
Several techniques have been employed to measure thickness of articular cartilage including ultrasound ͓24 -27͔, the needle technique ͓24,28 -29͔ and simply cutting through to the bone and measuring thickness with a light microscope ͓24,30͔. Measurement of cartilage mechanical properties when cartilage remains attached to bone, as is the case in vivo, are strongly influenced by the cartilage thickness ͓27,31͔ so that knowledge of this parameter is required in order to estimate intrinsic properties of the cartilage. Although ultrasound is a non-destructive method compared to the needle and optical techniques, instrumentation costs are high to acquire the transducer, pulser/receiver, and digital acquisition hardware. An attractive alternative is the use of multipolar electrical conductivity measurements where penetration of electrical current into the medium can be controlled by changing interelectrode distances ͓14,32͔. Thickness detection in this case would rely on the existence of a large discontinuity in conductivity at the cartilage-bone interface. The latter is likely to occur since bone is much less hydrated than cartilage, and it is only the electrolytic fluid phase that has significant electrical conductivity. Additionally, the presence of calcified cartilage at the bone-cartilage interface could also create such a discontinuity in electrical conductivity. Therefore, if the calcified cartilage or bone layer possesses a very low electrical conductivity, spacing apart the current injecting electrodes will effectively sample these deeper regions more effectively and result in a lowered measured apparent conductivity. Multiple measurements with different electrode spacings could then be sensitive to cartilage thickness.
The goals of this study were to : i͒ measure the electrical conductivity of cartilage and bone with a four-electrode ͑tetrapolar͒ configuration, ii͒ investigate possible depth dependence of electrical conductivity and iii͒ use conductivity measurements with different inter-electrode distances to estimate the thickness of articular cartilage attached to bone. We demonstrate here that this technique provides very reliable measurements of the electrical conductivity of cartilage and bone, and that cartilage thickness can be estimated with good precision by performing multiple conductivity measurements where the spacing between current injecting electrodes is systematically varied.
Materials and Methods
Tissue Isolation. Full thickness articular cartilage samples retaining an underlying bone layer were isolated from the humeral heads of steers. Two sample geometries were used, one being rectangular and the other circular. Rectangular samples (nϭ11), ϳ15 mm long ϳ5 mm wide and ϳ6 mm thick were cut from a 1 to 2-year-old steer humeral head using a plaster cast saw, and then stored at Ϫ80°C. An orthopaedic coring bit fixed to a drill was used to isolate 4 mm diameter osteochondral cylinders from a 4-year-old animal. The length of the cartilage/bone core was subsequently reduced to a total thickness of ϳ2 mm using a dental saw as described previously ͓33͔. These disks were then stored at 4°C in a humid chamber containing tissue paper soaked in phosphate-buffered saline ͑PBS͒ and an antibiotic ͑Penicillin-Streptomycin͒ for up to 7 days until testing. Disk samples were matched in adjacent duplicates-one sample was used for conductivity measurements where slices were cut off towards the bone to reduce cartilage thickness, while the other was preserved by aldehyde fixation and processed for histology ͑see below͒ to observe intact cartilage/bone thickness and structure.
Electrical Conductivity Apparatus, Data Acquisition and Analysis. A linear array of 8 platinum/iridium ͑80%/20%͒ microelectrodes of 50 m diameter, with each separated by 300 m, was incorporated into a nonconducting base of a testing chamber as described previously ͓34͔. Prior to conductivity measurement, the electrodes were plated with platinum black in chloroplatinic solution in an ultrasound bath to reduce the contact impedance as previously described ͓34͔. Three tetrapolar configurations were used to perform electrical conductivity measurements with this linear array of 8 electrodes. The potential difference was always measured with the central electrode pair consisting of electrode #4 and #5 ͑Fig. 1a), while one of the other three electrode pairs ͑#1-#8 or #2-#7 or #3-#6͒ were used to inject current. A switch permitted selection of the desired pair for current injection. An isolated analog current source ͑Model 2200, A-M System Inc., Carlsborg, WA͒ was used to generate sinusoidal current of 1 A amplitude as a sequence of 20 frequencies in the range of 10Hz to 1000 Hz, with 20 cycles per frequency, and the resulting potential differences were recorded and analyzed by Fourier transformation to reveal the amplitude, phase and total harmonic distortion of potential difference ͑no transient phase was evident͒. The injected current was not measured during conductivity measurements since the current source output impedance (Ͼ50 G⍀) is much greater than electrode-cartilage-electrode impedance (Ͻ1 M⍀). The error on the output current is therefore less than 0.01%. Nevertheless, the accuracy of the electrical conductivity apparatus was tested with known resistances.
Tetrapolar Conductivity Model.
A model of the tetrapolar conductivity measurement was used in order to relate apparent to real conductivities of the cartilage and bone layers, and to evaluate the cartilage thickness of disk samples after each slice was removed. As described in Telford ͓14͔, the model consists of two superposed layers of electrical conductivities 1 and 2 ͑Fig. 1a͒, where 1 Ͼ 2 and the medium above layer 1 has zero electrical conductivity. Layers 1 and 2 represent respectively the cartilage and subchondral bone, with layer 1 having a thickness d, and layer 2 a semi-infinite thickness. The model is infinite in the lateral x-y directions. If only one homogeneous isotropic semiinfinite layer were present ͑for example if 1 ϭ 2 ), then its electrical conductivity ͑called the apparent conductivity, app , here since our more general case has two layers͒ would be given by ͓14͔
where I is the applied current amplitude, ⌬V the potential difference, aϭ300 m is the distance between voltage measuring electrodes ͑#4 -#5͒, and 2s the distance between current injecting electrodes: sϭ3a/2 for electrodes #3-#6, sϭ5a/2 for electrodes #2-#7, and sϭ7a/2 for electrodes #1-#8. Note that 1 ϭ app if only one semi-infinite layer were present. However in our case there are two layers with a finite thickness of layer 1 such that the electrical conductivity of layer 1 can be related to the apparent conductivity ͑Eq. 1͒ using the method of images by ͓14͔ 
and kϭ( 1 Ϫ 2 )/( 1 ϩ 2 ) is the reflection coefficient and d is the thickness of layer 1. For example, by fixing 1 ϭ1.0 S/m and 2 ϭ0.2 S/m, the apparent conductivity as function of the thickness (d) of layer 1 can be theoretically predicted ͑Fig. 2a͒.
Verification and Calibration of the Tetrapolar Method
Electrical conductivity of NaCl solutions of concentrations 0.03 M, 0.1 M and 0.5 M were measured using a calibrated conductivity meter ͑Thermo Orion, Model 555A, with Orion 016010 DuraProbe™ 4 Electrode Probe͒ resulting in 0.33 S/m, 1.16 S/m, 5.08 S/m, respectively ͑at 20°C). Each solution was then placed in the chamber containing the electrodes with a minimum 5mm of solution height and the conductivity measured again using the electrode pair #3-#6 and Eq. 1 (dϾ10ϫs), resulting in 0.34 S/m, 1.04 S/m, 4.54 S/m, respectively. CRC Handbook values provide 0.30 S/m, 0.97 S/m, 4.23 S/m, respectively ͑at 20°C). We therefore decided to use the tetrapolar values for further calculations related to cartilage measurements. The validity of the tetrapolar model in predicting apparent conductivity for dϽ10ϫs was investigated by varying the distance, d, between the post and the bottom chamber from 100m to 1000m. The normalized apparent conductivity was then measured using each of the three electrode configurations and compared to the theoretical values of Eq. 3 using 2 ϭ0 ͑Fig. 2b͒.
Electrical Conductivity for Cartilage-only Slices Taken from Different Depths from the Articular Surface. Rectangular samples were used in this experiment. After thawing in PBS at room temperature, the entire cartilage layer was removed from the underlying bone with a razor blade, generating a full thickness (ϳ1 mm) slab 12 mm long by 2 mm wide. Slices with thickness ranging from 200 to 550 m thick were taken successively from each of the rectangular blocks ͑total of 11 full-thickness blocks͒ with a vibratome, producing a total of 28 slices. For conductivity measurement, each slice was centered along the electrodes and the actuator ͑Mach-1 Mechanical Tester, Bio Syntech Canada, Laval Qc͒ controlling the vertical position of the electrodes was raised to touch an electrically insulating rod connected to a load cell ͑Fig. 3a͒. Subsequently, a compression of 5 m was applied to assure good contact with the electrodes. The testing chamber was filled with PBS having an electrical conductivity of 1.52 S/m. Electrical conductivity measurements on cartilage slices were then performed using the same equidistant tetrapolar configuration of electrodes. This measurement was performed twice, once in the presence of the cartilage slice and a second time after removing the slice and placing the compression rod at the same position but with PBS solution alone in contact with the electrodes. The measurement in PBS was done to determine the proportionality between real and apparent conductivity since the known conductivity of the PBS allows the factor (1ϩ⌰) in Eq. 2 to be calculated. This factor (1ϩ⌰) is the same for PBS and cartilage slices, assuming that both media are isotropic and homogeneous, since 2 ϭ0 and kϭ( 1 Ϫ 2 )/( 1 ϩ 2 )ϭ1. Using this factor, (1 ϩ⌰), the real conductivity of the cartilage slice, 1 , was found from its apparent conductivity using Eq. 2. Finally, the position of the compression rod relative to the surface of the electrodes provided a measure of the thickness of the cartilage slice. The thickness of each slice was also measured after the test with a current sensing micrometer at 3 different positions. Variation of full cartilage thickness within a block ranged from 0 to 100 m using the current sensing micrometer, while the average full cartilage thickness for the 11 blocks using the contact position of the compression post ranged from 697 to 1090 m with a meanϮsd of 920 Ϯ120 m. Thickness measured with the micrometer method was always slightly lower than that using the compression post by 0 to 115 m, possibly attributable to tissue compression during the test, dehydration during thickness measurement or nonparallelism of the compressing surfaces. Thus, the values obtained with the compression post were used to evaluate the cartilage thickness of slices. The cartilage depth for each slice was expressed as a percentage of full thickness according to a… The apparent conductivity "Eq. 2… for the three tetrapolar configurations as a function of the thickness of layer 1 "d…, calculated using model assumptions explained in Fig. 1 and with 1 Ä1 SÕm, 2 Ä0.2 SÕm and aÄ300 m. The model predicts that the apparent conductivity approaches that of layer 1 when layer 1 thickness is Ì2Ãthe inter-electrode spacing "È600 m for equidistant configuration #3-#6… and approaches that of layer 2 when the thickness of layer 1 is È10 Ãless than the inter-electrode spacing "È30 m for equidistant configuration #3-#6…. Spacing apart the injection electrodes "using #2-#7, #1-#8… results in lower apparent conductivity due to deeper penetration of the current and therefore greater influence of the lower conductivity of layer 2. b… The apparent conductivity was measured using three different NaCl concentrations "0.03 M, 0.1 M, 0.5 M… with electrical conductivities " 1 … of "0.34 SÕm, 1.04 SÕm, 4.54 SÕm…. The distance, d, between the upper post and chamber bottom was varied to change the thickness of the layer of known conductivity, 1, and measured apparent conductivity was normalized as app Õ 1 shown in the figure. The x axis in Figure 2b was shifted such that the point of contact was taken as 50 m separation rather than 0 m separation, due to non-parallelism of the two surfaces. The meanÁsd of these three normalized conductivities "3 salt concentrations… are shown for each of the tetrapolar configurations "᭺ for #3-#6, for #2-#7, ᭝ for #1-#8… along with the theoretical prediction calculated using Eq. 3 with 2 Ä0.
Cartilage depth ͑ % ͒ of slice
where t 1 , t 2 , . . . ,t xϪ1 are the thicknesses of slices above slice x with thickness t x , and d is the total thickness of the cartilage sample.
Electrical Conductivity for Cartilage of Different Thickness that is Attached to Bone. Full thickness, 4 mm-diameter disks of articular cartilage attached to bone (ϳ1 mm of bone͒ were prepared as described above. Prior to conductivity measurement, the disk diameter was reduced to 3.5 mm using biopsy punches. The bone side of each disk sample was glued onto a transparent plastic plate that was then glued to a stainless steel bolt that was heavy enough ͑7.2 g͒ to ensure good contact when placing the articular cartilage surface in contact with the exposed electrodes ͑Fig. 3b͒. The testing chamber was filled with PBS ͑0.15 M, pH ϭ7.2 and ϭ1.52 S/m) and the apparent conductivity was measured as described above but using all three tetrapolar configurations ͑I36, I27, I18 in Fig 1a͒, and without measuring the conductivity of PBS alone. The bolt was then mounted in a vibratome in order to remove cartilage slices from the disk sample and reduce its thickness. After each removal of a cartilage slice from the articular surface down towards the bone, the total sample thickness (cartilageϩbone) was measured with the micrometer and three tetrapolar conductivity measurements were performed. The cutting was stopped when resistance to cutting was high, which corresponded on histological examination to a remaining cartilage thickness of less than ϳ200 m ͑Fig 7͒. At the end of these electrical conductivity measurements, the duplicates ͑one cut to the bone and one adjacent sample that was not cut͒ were immersed in fixative ͑paraformaldehyde 4% w/v, glutaraldehyde 1% w/v in 0.1 M sodium cacodylate, pH 7͒ for 12 hours followed by washing in 0.1 M sodium cacodylate alone. Fixed specimens were embedded in LR White acrylic resin, and after polymerization of the resin at 55°C, 1 m-thick, undecalcified sections were prepared using an ultramicrotome and stained with toluidine blue. The bone thickness and remaining cartilage thickness were determined using an optical microscope where the articular cartilage, calcified cartilage and subchondral bone were easily identified. An average of 5 vertical thickness measurements was taken to estimate the thickness of the bone, calcified cartilage and remaining uncalcified articular cartilage. The cartilage thickness remaining after each slice was removed with the vibratome was estimated by taking the difference between the total sample thickness measured with the micrometer, and the bone thickness measured with the microscope using histological sections. The cartilage thickness therefore includes the calcified and uncalcified cartilage.
An optimization routine using the ''lsqnonlin'' with the GaussNewton implementation in Matlab was used to provide best-fit parameters ( 1 , 2 and d) of Eqs ͑1-3͒ using these conductivity measurements obtained with cartilage of different thickness attached to bone, described in the previous paragraph. A function was defined in the optimization toolbox in Matlab, to minimize the nonlinear least-squares problem in the form of
where L is an arbitrary constant. In our model,
) is found from Eq. 2, using the parameters 1 , 2 , d to return a value and (⌬V/I)exp i are the experimental measurements obtained with a disk sample. As an alternative to fitting all 3 parameters 1 , 2 , d, we also fixed 2 before fitting 1 and d only. Two types of data were fit. In the first case ͑data type A͒ three conductivity measurements, one with each of the three possible tetrapolar configurations ͑I36, I27, I18 in Fig. 1a͒ for a single cartilage thickness were used as input ((⌬V/I)exp i ). Thus, mϭ3 in Eq. 5 for data type A. In the second case ͑data type B͒ conductivity measurements performed with each of the three possible tetrapolar configurations but for multiple cartilage thickness' were used as input ((⌬V/I)exp i ) to evaluate the three parameters ͑or two if 2 is fixed͒, where d is the cartilage thickness before any slices were taken from the disk sample. In the latter case the thickness of a cartilage slice, called t i , was determined by taking the difference between the sample thickness before and after the vibratome cut. Therefore, after the i th cut, the remaining cartilage thickness dϪ(t 1 ϩt 2 ϩ . . . ϩt i ) was used in Eqs. 1-3. For ex- Fig. 3 Experimental apparatus for electrical conductivity measurement. a… Articular cartilage slices "2 mm wide, 12 mm long and 200-550 m thick… were positioned on the center of the microelectrode array and slightly compressed "5 m… under uniaxial unconfined compression geometry to assure good electrical contact. Electrical conductivity was measured using the equidistant electrode configuration with electrodes #3 and #6 injecting current. b… Electrical conductivity of disk-shaped samples "3.5 mm diameter with full-thickness articular cartilage attached to underlying bone… were measured by gluing the bone surface onto a transparent plastic plate that was then glued to a stainless steel bolt that was heavy enough "7.2 g… to ensure good contact when placing the articular cartilage surface in contact with the exposed electrodes. All three tetrapolar configurations were used to measure conductivity in this case. For both types of experiments, the test chamber was filled with 0.15 M phosphate-buffered saline "PBS… that has an electrical conductivity of 1.52 SÕm. An alternating current of 1 A amplitude was injected at frequencies in the range of 10 Hz to 1000 Hz.
ample, if 4 slices were taken, i max ϭ4 and mϭ15ϭ((i max ϩ1) ϫ3) in Eq. 5 since there were 3 tetrapolar conductivity measurements done for each of 5 different cartilage thicknesses. Several initial values were used to find the minimum in the curve fitting procedure due to the non linearity of the system. Between 2 and 3 minima for each fit were found using multiple starting points, however only one minimum was physically possible and fell within the experimental thickness measurements.
Results
Verification of the Tetrapolar Model. The normalized apparent conductivity, app / 1, using three different NaCl concentrations ͑0.03 M, 0.1 M, 0.5 M͒ and variable distances, d, between the upper post and chamber bottom showed reasonable agreement with the theoretical prediction of Eq. 2 ͑Fig. 2b͒. A better correspondence between theoretical and experimental values was ob- tained when d was increased by 50 m as shown in this Fig. 2b ͑i.e., the point of contact is placed at 50 m separation rather than 0 m separation͒ probably due to the slight non-parallelism of the two surfaces.
Electrical Conductivity of Cartilage-only Slices Taken from Different Depths from the Articular Surface
Sinusoidal electrical potentials acquired during electrical conductivity measurements demonstrated a near frequency independence of potential amplitude (Ͻ1% variation͒ in the range 10 to 1000 Hz, with a voltage phase close to zero with respect to the applied current ͑varying from Ϫ2°to 2°), and a small total harmonic distortion Ͻ0.5% ͑Fig 4͒. The following electrical conductivity values correspond to those measured at the phase minimum, found within the frequency range 10-100 Hz, since this phase minimum corresponds to the frequency at which the influence of imperfections in the chloroplatinic coating are minimized. Intact rectangular cartilage samples from the 1 to 2-year-old steer had an electrical conductivity of 1.14Ϯ0.11 S/m (meanϮsd, nϭ11), while cartilage slices derived from these blocks had an electrical conductivity of 1.23Ϯ0.16 S/m (meanϮsd, nϭ28). Combining all measurements provided an electrical conductivity of 1.21 Ϯ0.15 S/m (meanϮsd, nϭ39) ͑Table 1͒. There was apparently no important correlation between electrical conductivity and the depth from which the slice was taken ͑Fig. 5͒ given the very low correlation coefficient between conductivity and depth (Rϭ0.10, pϭ0.51).
Electrical Conductivity for Cartilage of Different Thickness Attached to Bone
The measured apparent conductivity of cartilage attached to bone ͑Fig. 6͒ followed trends predicted by the theoretical model ͑Fig. 2a͒, i.e. diminishing when cartilage thickness was reduced and when current injecting electrodes were spaced more widely apart. Intact disk samples had an electrical conductivity of 0.88 Ϯ0.08 S/m (meanϮsd, nϭ9) ͑Table 1͒ when evaluated with the fit routine using the type A data ͑3 conductivity values only͒ for the full cartilage thickness only and after fixing the electrical conductivity of the bone, 2 , to 0.0 S/m. The use of type B data ͑3 conductivity measurements per thickness and all thicknesses used together for a particular specimen͒ resulted in a similar value of electrical conductivity of the articular cartilage of 0.85 Ϯ0.11 S/m, again after fixing the electrical conductivity of the bone, 2 , to 0.0 S/m. The total thickness of each disk ͑measured with a micrometer͒ varied from 1.7-2.4 mm, while the bone thickness ͑measured from histological sections͒ varied from 0.5-1.6 mm, resulting in a thickness of articular cartilage that ranged from 0.6 -1.3 mm ͑Table 2͒. Table 2 Cartilage, bone and total thicknesses of disk-shaped samples. Total thickness "cartilage¿bone… was measured with a micrometer before slices were taken, whereas histological sections " Fig. 7… were used to determine the thickness of the subchondral bone after cutting slices. Subtraction of these two values provided an estimate of the thickness of the uncut articular cartilage, which includes the uncalcified and calcified zone.
Tested Duplicate Samples
Total Thickness ͑m͒
Bone Thickness ͑m͒
Transactions of the ASME Histological sections of cartilage/bone disks displayed traits that are typical for the different zones of articular cartilage as well as a thin layer of calcified cartilage on top of subchondral bone ͑Fig. 7͒. The thickness and density of subchondral bone varied significantly. After the last cut was taken, the remaining specimen usually retained little or no uncalcified cartilage ͑Fig. 7a͒, although a few specimens had some remaining uncalcified cartilage ͑Fig. 7b͒ while others had no cartilage at all ͑calcified or uncalcified͒ ͑Fig. 7c͒.
Electrical Conductivity of Subchondral Bone. Measurements of electrical conductivity were done on subchondral bone using the same method as for the cartilage-only slices described above. We measured both rectangular and circular bone samples from a 1-to 2-year-old steer and a 4-year-old cow, respectively. The cartilage layer was removed with a razor blade, down to the bone until it was impossible to cut more tissue due to the hardness of the bone. The dimensions of the rectangular samples were 12 mm long by 4 mm wide and ϳ5 mm thick, while disk samples were 3.5 mm diameter and ϳ1 mm thick. These measurements revealed an electrical conductivity of subchondral bone of 0.306 Ϯ0.034 S/m (meanϮsd, nϭ3) for rectangular steer samples and 0.179Ϯ0.046 S/m (meanϮsd, nϭ3) for disk-shaped cow samples, when equilibrated in PBS ͑0.15 M, pHϭ7.2 and ϭ1.52 S/m). The difference between these two populations was statistically significant (pϭ0.0184) according to a two-tailed Student-t statistical test.
Cartilage Thickness Estimation by Fitting Conductivity
Data. The cartilage thickness after each cut was evaluated using type A data ͑3 conductivity values only͒ with the electrical conductivity of layer 2, 2 , fixed at 0.0 S/m or 0.2 S/m. The thickness values resulting from these fits were compared to the cartilage thickness obtained using micrometer and histological measurements ͑Fig. 8͒ and suggested that a better evaluation of cartilage thickness was obtained using a bone conductivity of 0.0 S/m rather than 2 ϭ0.2 S/m. The error in thickness estimation using conductivity also appeared to increase when the cartilage thickness was less than 300 m, i.e., for the last removed slice. The average of the absolute error in thickness estimation of type A data after each removed slice without considering the last cartilage thickness of disk samples was 19Ϯ19% (nϭ40) when the conductivity of layer 2, 2 is fixed at 0.0 S/m. The thickness estimated using conductivity was generally lower than that obtained using the micrometer and histology for higher cartilage thickness ͑possibly due to the inclusion of calcified cartilage in the latter͒ but the opposite for lower cartilage thickness.
Using B type data ͑3 conductivity measurements per thickness and all thicknesses used together for a particular specimen͒ best fit values of 1 , 2 , d were found by fitting all three parameters to Eqs. 1-3 as well as by fixing 2 ϭ0 and fitting 1 and d only ͑Table 3͒. The effect of fixing 2 , or not doing so, had no apparent effect on fit values of 1 (pϭ0.162, two-tailed Student-t statistical test͒. The average of the error in thickness estimation was however Ϫ16Ϯ7% when 2 is not fixed, versus Ϫ8Ϯ7% when 2 is fixed at 0 S/m. Note that for the sample #2, #6 and #9, the last thickness was not included in the fit, since the remaining cartilage was very thin (Ͻ300 m).
Discussion
The objectives of this study were i͒ to evaluate the ability of a tetrapolar electrode configuration to measure electrical conductivity of cartilage and bone, ii͒ to investigate possible depthdependence of electrical conductivity in articular cartilage, and iii͒ to estimate cartilage thickness using these measurements combined with systematically changing inter-electrode distances. When interpreting our data it is useful to bear in mind the general form of the dependence of electrical conductivity on water content ͑or porosity͒ , ͑volume fraction in the tissue occupied by the fluid phase͒ which is in the range of 0.65 to 0.80 for uncalcified cartilage, and 0 to 0.20 for bone, as well as electrical mobility i of ion ''i'' and its intratissue fluid phase concentrations c i . Primary charge carriers in PBS and tissue fluid are sodium (Na ϩ ) and chloride (Cl Ϫ ) so that tissue electrical conductivity, , is approximately ͓35͔ ϭF͑ Na ϩc Na ϩϩ Cl Ϫc Cl Ϫ ͒
where F is the Faraday constant. As an example of the influence of tissue composition on tissue conductivity, one may consider an increase in proteoglycan concentration where ion concentrations will increase due to Donnan equilibrium while a smaller pore size will reduce ionic mobility, effects that could partially cancel each other out. Another pertinent example is replacing a large amount of the conducting fluid phase with a low conductance solid such as calcium-phosphate mineral in bone and calcified cartilage. This is expected to greatly reduce conductivity by reducing the volume fraction of electrolyte. We found that electrical conductivity of intact humeral head bovine articular cartilage was 1.14Ϯ0.11 S/m (meanϮsd, n ϭ11) for 1-to 2-year-old steer, and 0.88Ϯ0.08 S/m (meanϮsd, nϭ9) for a 4-year-old cow. The small difference in electrical conductivity from these two animals was statistically significant (pϭ0.00001) and may be related to age of the animals, since water content diminishes with age. Confirmation of this agedependent result requires further studies where compositional changes with age are measured and compared to conductivity, since it is also possible that different storage conditions for these groups (Ϫ80°C for 1-2-year-old cartilage and 4°C for 4-year-old cartilage͒ could influence conductivity. In the rectangularlyshaped steer samples we were unable to detect a difference in conductivity with depth ͑Fig. 5͒, but found that conductivity of removed slices was slightly higher than that of intact tissue, being 1.23Ϯ0.17 S/m (meanϮsd, nϭ28). This small difference may be due to swelling of the slices, producing an increased ionic mobility and water content. Previous measurements of electrical conductivity of cartilage ͑bovine, porcine and human͒ range from 0.6 to 1.1 S/m when equilibrated in a saline solution of 0.15 M ͓8,10,11,36͔, and these values are in agreement with our results. One previous study has shown a reduction of electrical conductivity with depth from the articular surface for human cartilage ͓8͔. This difference compared to our study could be due to greater depth-dependent structure in thick mature human cartilage compared to our thinner, less mature bovine cartilage. The electrical conductivity of subchondral bone was also measured to be 0.306 Ϯ0.034 S/m (meanϮsd, nϭ3) for the 1 to 2-year-old steer and 0.179Ϯ0.046 S/m (meanϮsd, nϭ3) for the 4-year-old cow. The significant difference (pϭ0.0182) between the two bone populations could also be related to reduced porosity of subchondral bone with age, or simply could be attributable to the small number of samples in each group, and the high inter-sample variation of bone density ͑see Fig. 7͒ .
Since bone is significantly less conducting than cartilage, the variation of apparent conductivity with cartilage thickness ͑Eqs. 1-3 and Fig. 2͒ allowed us to estimate cartilage thickness by using alternative inter-electrode distances for electrodes that inject current. For example, 3 measurements of apparent conductivity on one sample of cartilage attached to bone, one measurement using each of the possible pairs of injection electrodes ͑I36, I27, I18 in Fig. 1a͒ , provided a reasonable estimate of cartilage thickness when bone conductivity was taken to be zero ͑Fig. 8͒. The average absolute error compared to micrometer/histology thickness deter- Fig. 8 Comparison of cartilage thickness measured by conductivity and by a micrometer plus histology for 4 example disks. Conductivity measurements were performed on each disk using all three tetrapolar configurations at each thickness. These 3 conductivity values "Type A data… were used as inputs to a fitting routine that minimized differences between the 3 conductivity values and Eq. 2 by fixing 2 to either 0.2 SÕm "᭺… or 0 SÕm "ᮀ… and varying 1 and d. The resulting best fit thickness' after each cut are shown compared to the thickness "᭝… obtained by subtracting the bone thickness measured microscopically on the histological section from the total disk thickness "cartilage¿bone… measured with a micrometer after removing each slice. The thickness values obtained from best fit conductivity measurements using 2 Ä0 SÕm appeared to match histologyÕmicrometer thickness values better than those obtained using 2 Ä0.2 SÕm. mination was 19%, with no apparent bias for under-or overestimation. However, we noticed some difficulty in estimating thickness when it was smaller than the interelectrode spacing, as can be expected from the theoretical prediction ͑Fig. 2͒. The accuracy of thickness estimation could be improved by using different configurations of multi-electrode arrays. It is interesting to observe that we obtained a more precise estimation of thickness with bone conductivity fixed to zero rather than a value in the measured range ͑0.2 S/m͒, possibly because of the interposition of a calcified cartilage layer that may have few contiguous electrolyte containing channels, thereby effectively insulating the underlying bone from the applied current. When combining data from multiple thicknesses of the same sample, we also observed a better fit when assuming zero bone conductivity ͑Table 3͒.
Conclusion
Cartilage and bone conductivity were successfully estimated using a tetrapolar electrode configuration. Cartilage thickness was also estimated with reasonable precision by injecting current from electrode pairs with different inter-electrode distances and using a model that assumes two juxtaposed homogeneous and isotropic layers. In addition, this study provides basic information concerning electrical conductivity of cartilage and bone, and demonstrates the feasibility of using electrical conductivity measurements from multiple electrodes to determine cartilage thickness-a procedure with potential diagnostic applications in the evaluation of arthritis severity. Table 3 Conductivity and cartilage thickness estimates obtained by fitting data from the 3 electrode configurations for articular cartilage with multiple thicknesses "Type B data… to Eq. 2. Best fit values of 1 , 2 and d that fit Eq. 2 to type B data "3 conductivity measurements at each thickness for ""i max ¿1…Ã3… measurements total per disk, where i max is the maximum number of slices taken from the disk… with "i… all 3 parameters adjustable to fit Eq. 2 to data or "ii… with 2 fixed to 0 SÕm and 1 and d adjusted to fit Eq. 2 to data. The difference, in percentage, between the conductivity estimates of cartilage thickness "d"fit…… and the thickness values obtained using a micrometer and histological sections "d… are also shown. 
